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Folklore



Traditional probes of nucleon structure

» Elastic electrosproton scatteringp—~>e’p’:

() ‘ (Pl Oy ) p.)
local operator
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N,
>

 Inelastic electrosproton scatteringp—>e’X:

‘ (P Oy'w(z)|p)= [dxe™ g(x)

light-cone operator




Physics of form factors (Breit frame)

Localized proton as a wave packet:

R)= [ o Poer™y (p)p)

Charge distribution in the wave packet:
p(7)=(R=0]|j,(F)|R=0)

« Size of the wavgpacket << system size:

* Resolution scale >> size of the wave packet (oes dot wantd
see the wave packet):

» Size of the wave packet >> Compton wave lengthbéto
insensitive to wave nature of the proton):

1/R,, << ‘B‘« pl<< M

—
[d2%e7 ()= (a/2]], (0)| - 6/2) = 2M , G, (Q?)

Electric form factor in th8reit frame is (with reservations) Fourier transform of the charge distribution.



Physics in the infinite momentum frame

momentum frame of

proton at rest a fast moving proton

&L, Pe = rﬂ ok
~ & ° :
: o~ Lorentz boost > . > X P,
X ‘3" ° P :

z |
y )—* « ho spatial extent

Partondistributions: 9 -1Q
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Form factors:

N

Distribution of ‘r Density ofpartons ‘,
quarks in trans L)("/ of a givenlongitu- L)('/ ® \
verse plandéres o | dinal momentum
pectiveof their D =K, D e
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Impact parameter parton distributions

Localized wave packet in transverse plane: Soper 77
Burkardt '00

+ dzpm ipy R +
P ,RD>=IWepD “W(po) P py)

The probability of gpartonto possess the

momentum fractiong at transverse position 5. ~1Q y
f(x.15) = [dz" €@ (p".0,|F (2 .1,)y " @ (0.15)[ p" 05 - ;,/03\9 _
/ 4
Generalizedparton distributions Mueller, Robaschik et al. '94 ){2 ‘
simultaneously carry information Ji 96 | & ™~
on both longitudinal and trans Radyushkin '96 a5z L o,/ X
verse distribution gpartonsin a P A

fast moving nucleon

f(xr5) = [d?A,e™ H(x,7 =0,4%)

GPDscarry information on the
angular momentum opartons

Q: What is the physical significance skewnesg?



Longitudinal-transverse interplay in GPDs

Skewles€GPDs

x

rD/ (1_ X)

. typical hadronsize

xspect

Burkardt '02

Support from lattice:

m,=744 MeV |

0.8
Hj‘f‘d 0.6 |
04
0.2
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~N[GeV?]
Negele et al.’03

Confinement:

Rhadron - rD/(l_ X)

|

<r§>~ (1- x)*

|

I -dependence narrows down

|

A2%-dependence becomes flat

Combining small and large

. 1
(r2)=a'(1-x)log=+B(L-x)*+...
X
Diehl, Feldman, Jacob, Kroll, '04



Wigner function in quantum mechanics

W(p,r):die—ipD/th(r_%D)w(r_i_%D) Wigner '32
Contains’ull informationabout the single particle wave function.

Properties:

* Real

« It can and most often does go negative: a hallmbnkierference
* Projections lead to probabilities:

[dpW(p,r) = [dqe"™"F(q), [drw(p,r)=n(p)

*  Operator expectation values:

Weyl-ordered
—
(A(p,r))= [ dpdr W(p,r)A(p,r)

The quanturmechanical uncertainty principle restricts the amai localization that aNigner
distribution might have. This yields‘fuzzy’ phasespace description of the system compared
to the“sharg determination of its momentum and coordinates séplgr Wigner distribution

provides an appealing opportunity to characterigaantum st& using the classical concept of
the phase space.



Wigner function of 1D harmonic oscillator

p2 a)2x2

+ m
2m

H (p,x) =

llm hﬁO,n_»an(p’X) - 5(H (p,X)_ E)

WKB Wignerdistribution resides on classical trajectorieshage space:

w:C(x)eiS/"’ ‘ W(p,x):\c\za(p—g—ij



Measurement of QM Wigner distributions

* MachZenderinterferometryof quantum * Quantum state tomography of dissociated
state of light: molecules:
Probe
pulse
/—>—- // \ Pump Mgl::lr.#ar
gquantum -
state filter =7
=
O
o
laser H n
weak coherent state phase-diffused cohetiast s - —

0 P o
Re(3) 2 Re(3)

18 T 52 el i 2 ) aal¥ ¢
T - 4 . 2
Xl Iy v [Avps] N BoaTeeaT v [Afps]



Wigner distributions of the nucleon

Introduce théNigneroperator AB, Ji, Yuan '03
w (7 K, k)= [dn a5l (F - n/2)ry(F +n/2)

Define quark quagprobability distribution in the proton (in tiBreit frame)

—»

WIT k. ko] = [ o (@/2hw (7 k. ko) -6/2)

7 2N

Generalizegbartondistributions * Unintegratecpartondistributions
3
f(”k)-j;\N[r K, , k] q(x,kD):j(gTr)ZVV[F,k+,kD]
d’g 2
= F\x,n,A

(skewness q:qz/ZE:qz/Z\/M,i +G°/4 )



Viewing nucleon through momentum *ilters”

Z

patches of negative probability
Feynman momentum:;
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Limitations on the interpretation

« Transverse dynamics:

Oln-¥p,|

1/R,, << ‘B‘« pl<< M

* Longitudinal dynamics:

« The longitudinal position gbartonds set by
skewness

r’ ~1/A* ~1/(nE)
«  Typical longitudinal momentum in the wave

packet:
ot ~1/p*
* Thenonlocalityof the probe:
z ~1/(xE) -
Constraints:
A | << |p*<< M

z7|<<r? - x<</

The classical interpretation GPDsasWignerquasiprobabilitiess valid in deep DGLAP domain!




Measurement of nucleon Wigner distribution

Exclusive processes sensitiveGEDs

* Comptorinduced processes:eN - €N'y, N - N'I'17, eN- eN'l"'l", N 5 IN'y
« Hard rescattering processes:eN - € N'M,;, eN - &€N'M,, N - N'M,, 7N - N'I"I”

» Diffractive processes: N - (2jetgN’, 7N - (2jetgN’, v ,N - DN, IN - |' 77N

Leptoproductiorof a real photon (cf. Macdenderninterferometry: scanned area of the surface as

a functions of lepton energy

reference beam

> g >

QM / )
E superposition detector
principle \ ﬁ

object beam

+|—

ep- epl

Partons Wignerdistributions determine 3D structure of hadrons amdmeasulde viaGPDs



Recent developments



Evolution with Mellin-Barnes representation of GPDs

2.2 1 dy Xy 2.2
H 11A1 = _K _1_H 11A1
diog? H (e AQ1 = [ [0 nj (v,17,8%Q%)

Conformal moments d&PDsdo not mix at ondoop order Y¥ known to two loops

H,(7,8%Q%) = 7" [ dx C22(x/m)H (x,17,4%,Q%)

« Old-fashioned way: expand in orthogonal polynomi&)

H(070%Q%) = Y R OOY. 6H,(7,6%:Q7)

Advantage: triviallygeneralizabl¢o all loops.
Disadvantage: slow, divergent for loav

« Other“old” methods: effective forward distributions, numericaggration Vinnikov '06
* The"new way: invert moments witMelin transform :
expressed in terms of

.—— Legendrédunctions

Hx,0%Q7) = —- [ dn B e (o7, Qi) (7,8%Q2)
| Je-iesin(7TNn)

Advantage: fast and stable evolution, evematlisx. Mueller, Schaefer '05
Disadvantage: no obvious generalization beyondregaaider. Kirch, Manashov, Schaefer’ 05



Mellin-Barnes representation of amplitudes

Leading order DVCS amplitude: ,
H(x,£,4%Q%)
A(E, A% 0% = 1dX
(£.000Q%) = [ ax =

Mellin-Barnes

2.~2y _ L et -n 2nr(%+n) 4o 2.2
A&, 055Q%) = | dn¢ r(g)r(2+n)[' tan?]H, (£,0%,Q?)

conformal scheme+higher loops
forward anomalous

/’/’/‘ dimensions

3 1
2. - (i 4 [ nn] DIS 2.
A(E,0%;Q%) = j O (2 ly(a) i —tanZ2[cP'S(a )H (&, 0%;,Q2)
2/n “~__ forward coefficient
functions
1.05} | | | | (a)
Advantages: 11 K
 exact, concise result at NLO 0. 95l S
» stablenumerics o ol 7
* an estimate on higher loops in CS O -7
0.8} 1\11\11,0‘7(3U =0
Mueller '06 H vs. € --- Mo,
S L 0. 3 P P NLO, MS
Kumericki, Mueller, Passek-Kumericki, Schaefer '06 " ‘ Nto /‘ " LO‘ ‘

0.01 0.02 0. 05 O.l 0.2 0.5



Parametrization of GPDs

* Dualparametrizationf GPDs  H (X,77, N) = (1- ’)7(_2)2‘ B, (A%) Cﬁlz(ﬁ) P(2)

= Pt | Guzey, Polyakov '05
: o | R,
N | i
: }
A “T 0 ++ “
0 20 40 60 32 (GeVzl)OO 20 40 60 80 100 ‘1;0 (GeV1)40
) 1.0
* Global fits (zercskewnessso far)
08}
H(x0,22) = q(x) exp| & (12) /4 } ol
=
, 1 © 04} 2 P
(r2)=a'(1-x)log =+ B(L-X)* +.. " 4
X 0.2
form factors pdfswith input for 05 10202 805

. . . —t [GeV?]
longitudinaltransverse interplay

Diehl, Feldman, Jacob, Kroll, '04
Guidal, Polyakov, Radyushkin, Vanderhaeghen’04



Parametrization of GPDs (cont'd)

* Modeling conformal moments: smal Mueller '06

P, P, B, P

12




Proton spin crisis ... still?

Quark orbital angular momentum:

<LZ]> = %jdx(x H(x,7,0) + XE;(X,77,0) — Aq(x))

« Form factor data:

(LY -Ly)=-%(077+ 092)
Diehl, Feldman, Jacob, Kroll, '04
(LY +Ly)=-%(011+ 022)
*  QCDSEF Lattice:
(LY -Ly)=-%(09% 012)
Schierholtz et al. '05
(L +Ly)=+3 (006+ 014)

« LHPC Lattice:

)
(L +Ly)

-1 (025+ 005)
Negele et al. '04

-1 (010 005)



Exclusive hard meson production

Significant gluon contribution even in the valemegion

cs(b/csp

kr-smearing
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Exclusive production of meson pairs and hybrids

Sensitivity totransversityGPDsin y"p — p°0'n Enberg, Pire, Szymanowski ‘05

pr2=2GeV? ——

-
o
o

-
Q

SN
e
[\S]

do/dps? dt d& [nb GeV™]

SN
S
w

10‘4 1 1 1 1
0.1 0.2 0.3 04 0.5 0.6

» Electroproductiorof hybrids (study of the scabetting procedure):

0 2 g 4902
p - meson, ' =e

. — p’ - meson (M.V. etal )

513
Q

y'p - m(1400p 1

Naively, partoncontent:

2

0 2
-==--H -meson, 1" =e

tmin) (n b/(jl C\fl)

I =1" ~gy, G,y
Nonvanishingwist-two component:

do/dt(t

wy{,uDv}w o Y

Not suppressed (by powers of hard scale) — ———————

. & Q’ (GeV?)
compared t@lectroproductiof nonexotics Anikin, Pire, Szymanowski, Teryaev, Wallon ‘05




AdS/QCD for GPDs?



Holographic principle

N

i D-branes or black holes are at infinity
(gravity exists only above 4D)

black hole

o region of interest

fifth dimension

black hole horizon

(information storage)
an

obstacle

‘t Hooft and Susskindproposed in the early : | :
1990s that in some description of nature, all of {;"

informationabout the physical state of a system / \\
with gravity in a region is stored in terms of a

suitable set of variables defined on the boundary

boundary (outside the black hole horizon in Direct signal

case of black holes) of the region. The In curved space in flat space
‘boundary theory is supposed to be an the signal gets the boundary
‘ordinary theory, without gravity. The idea to the boundary

behind the name'holographi¢ is that the

boundary theory captures®hologram of the So in curved space information about the
contents in the interior, recording the detailed interior of the 5D space is stored on the
contents of the interior in a subtle fashion in 4D boundary

terms of boundary variables.



Gauge/string correspondence Maldacen97

A=4 SYM is dual to type IIB string theory on curvsuberspace

_ PSU(22|4)
Sp(1) xSp(2)

Strings in 4d behave as if they are living in tiedpace, théifth (Liouville) dimension

being a result of quantum fluctuations. Polyakov'89
218 ‘?;0" AdS AdS metric:
- —— de = dxudxz”; dz
] gauge fields Dictionary:
P JA=Rla', g.=AI(4mN,)




Conformal gauge theory

String moves in 5D space with the usual 4C
Minkowski being its boundary. The fifth coordinate
goes into the interior of the curved spdicee. In
this warped 5D space there is a very strong
gravitational field pulling objects away from the
boundary. Time flows more slowly further from the
boundary. As well, the objects with fixed size e t
5D space appear to have different projections gn
4D: the string away from the boundary have :

»

-/

fifth dimension

1=

D-branes are at infinity

larger size than those closer to 4D boundary.

In the lack of dimensional transmutation in
conformal gauge theories, they do not enjoy quark
confinement. A

fifth dimension

[

projection of the thin string
onto the 4D space-time

Coulomb-like
Faraday lines

A

4D




Confining gauge theory

In the presence of a confining blalakle background, string does not penetrate intobin& at
arbitrary distances. Therefore, the projection o lboundary &s an intrinsic width proportional to
the distance from the boundary to thebli@ne

Black holes are at infinity

black hole horizon

...
; \
\

confining flux tubes

fifth dimension

animation by einweber



Operator-state correspondence

normalizablesupergravitymodes <> low-spin hadrons
nonnormalizablesupergarvitynodes <> lowspin probes
(“electromagnetic currentgraviton)
E.g.,
— 5 _ 2 2 1 2 2
S=(d x,/detg{ DX|" +3X] 22 (R +FR)}
Os
Confinement is implemented with a hard IR wall: 84z, Erlich, Katz, Son, Stephanov '05
4D: O(x) 5D: ¢(z, 2) D A (ms)?
qry"tqr A%M 1 3 0
qrY"t"qr R 1 3 0
q%dr (2/2) X" 0 3 3
?2?7? = spin-N twist-two operators
rotatingquasiclassicastring <> high-spin twisttwo operators

(or Wilson bops with cusps)



What Can be done s Study of correlations between tkeand

transverse momentum dependence.

» Slope of spiAN (=1,2) form factors with increasinyg A
ax [0z
SUGRA 2y — [ 4y QDX az
‘]N(Z’ X) vertex FN(A)_J‘d X€ _E 3 %(Z,X)JN(Z,X)%(Z,X)
: / 1.2 |

}

0.8

@ (z,X) @ (z,X)

0.4f

spin0, 112, 3/2 SUGRA modes ¢ (Z,0) ~ z ¢ —
0

* GPDsat largex: rapidly rotating string irAdS
or area of the Wilson loop iAdS IR brane

fifth dimension

or

AdS largeN 4D spectators




i Summary

« Strong correlations between momentum fraction amusiverse moentum dependence
* Modetlindependent quantitative description of (moment<G#HDs(via lattice)

* Successful combineaiultiparameteanalyses to fiskewles<GPDs

» Better knowledge of higher order effects in exclagprocesses

* Faster leading order evolution routines (basedwarseMellin transform)

« The final word is yet to be said by experiments



